Adoptively transferred T cells possess anticancer activities partially mediated by T-cell FasL engagement of Fas tumor targets. However, antigen-induced T-cell activation and clonal expansion, which stimulates FasL activity, is often inefficient in tumors. As a gene therapy approach to overcome this obstacle, we have created oncoretroviral vectors to overexpress FasL or non-cleavable FasL (ncFasL) on murine T cells of a diverse T-cell receptor repertoire. Expression of c-FLIP was also engineered to prevent apoptosis of transduced cells. Retroviral transduction of murine T lymphocytes has historically been problematic, and we describe optimized Tcell transduction protocols involving CD3/CD28 co-stimulation of T cells, transduction on ice using concentrated oncoretrovirus, and culture with IL-15. Genetically modified T cells home to established prostate cancer tumors in vivo. Co-stimulated T cells expressing FasL, ncFasL and ncFasL/c-FLIP each mediated cytotoxicity in vitro against RM-1 and LNCaP prostate cancer cells. To evaluate the compatibility of this approach with current prostate cancer therapies, we exposed RM-1, LNCaP, and TRAMP-C1 cells to radiation, mitoxantrone, or docetaxel. Fas and H-2 b expression were upregulated by these methods. We have developed a novel FasL-based immuno-gene therapy for prostate cancer that warrants further investigation given the apparent constitutive and inducible Fas pathway expression in this malignancy.
Introduction
Adoptive cell transfer of T lymphocytes has demonstrated successful tumor regression in clinical trials. 1, 2 In mouse models of prostate cancer, adoptive cell transfer of genetically engineered T cells showed a potential for tumor eradication and increased survival in mice. 3 Although such responses are promising, one obstacle to T-cell therapy is the requirement for T-cell activation through the TCR with subsequent clonal expansion not only to generate sufficient numbers for effective tumor rejection but to activate effector molecules such as FasL to become involved in actual tumor killing. This may pose an obstacle to effective T-cell therapy, as in some cases a suitable tumor antigen may not be available for TCR activation or T-cell tolerance to the tumor may be induced 4 and in other cases, T cells may undergo antigen-induced cell death rather than clonal expansion prior to effector molecule expression. 5 T cells exert their cytotoxicity through the release of perforin and granzymes, or by inducing apoptosis mediated by Fas ligand (FasL). Signaling through the FasL lytic pathway is triggered when low or high affinity T-cell receptor engagement of antigen occurs, whereas perforin/granzyme-mediated killing is dependent on high affinity TCR-antigen interactions. 6 As tumor antigens are often weakly immunogenic, the role of FasL in T-cellmediated tumor killing may be vitally important. In fact, FasL expression on T lymphocytes is necessary for their full cytotoxic activity against lung tumors in vivo 7 and renal and prostate tumors in vitro. 8 Furthermore, when cell surface density of FasL is increased on T cells by inhibiting its proteolytic cleavage to a soluble form, T-cell cytotoxicity through FasL is enhanced. 9 As well, CD4 À CD8
À lymph node-derived cells from lpr mice, which lack functional Fas and naturally express higher than normal levels of FasL, have been shown to induce killing in Fas þ target cells whereas lymph node-derived cells from wildtype mice did not exert a similar killing effect. 10 FasL has been demonstrated to have therapeutic efficacy in several prostate cancer models. Cisplatintreated DU145 cells undergo Fas-mediated killing by patient-derived tumor infiltrating lymphocytes. 8 Delivery of FasL cDNA by a prostate-restricted replicative adenovirus inhibited prostate tumor growth in mice. 11 Furthermore, we have recently demonstrated that primary human prostate cancer cell lines are sensitive to killing by FasL-expressing K562 cells. 12 Although systemic distribution of soluble FasL (sFasL) proteins or anti-Fas antibodies are lethal in vivo, 13 cell surfaceexpressed FasL does not seem to share this potency.
Injection of CD4
À CD8 À lymph node-derived cells from lpr mice with high FasL expression into tumor-bearing mice did not induce measurable toxicity. 10 Based on these observations, we hypothesize that the antiprostate cancer potency of T cells may be improved by genetically modifying these cells to overexpress FasL in a stable context. We designed oncoretroviral vectors to engineer the expression of FasL or a modified, noncleavable form of FasL (ncFasL). ncFasL has been reported to possess high local biological activity and to limit toxicity from systemic distribution of sFasL.
14 This immuno-gene therapy method uses a polyclonal population of T cells generated ex vivo through anti-CD3 and anti-CD28 co-stimulation. This approach offers the following potential advantages: (1) such co-stimulation results in an activated T-cell phenotype that persists in vivo and maintains a capacity for tissue homing; (2) the polyclonal nature of the T-cell population obviates the need for clonal expansion and requisite long-term culture propagation; (3) FasL expression can be optimized to achieve supra-physiological levels of effector molecule function; and (4) novel gene engineering methods can be used to enhance the survival of the gene-modified T cells. Specifically, we reasoned that survival of T cells overexpressing FasL might be reduced due to suicidal or fratricidal Fas/FasL interaction. To overcome this potential obstacle, an additional construct engineers co-expression of both ncFasL and c-FLIP L . c-FLIP L has been shown to protect cells from Fas-mediated apoptosis 15 without inducing accumulation of activated or autoreactive T cells when overexpressed in the lymphocyte compartment. 16 To combine adoptive cell transfer approaches with overexpression of FasL in appropriate animal models, transduction of primary murine T lymphocytes is required. Genetically modified lymphocytes are a valuable tool under development for broad applications in cancer therapy. Although human T lymphocytes are amenable to retroviral transduction, their murine counterparts have proven more difficult to work with, as demonstrated by the limited number of studies that make use of this preclinical model. Several studies report optimizations to murine T-cell transduction, including the use of ecotropic viral particles, [17] [18] [19] an optimized T-cell stimulation period prior to infection, 17, 19 and a centrifugation step during transduction ('spinoculation'). 19, 20 Several published protocols make use of 'ping-pong' methods [18] [19] [20] or co-culture 17 to achieve high viral tires. These approaches present unacceptable safety risks due to the potential of cross-contamination of T-cell cultures with virusproducing cells and creation of replication-competent virus.
We have further attempted to develop a reproducible and convenient method for primary murine T-cell transduction by comparing infection by 'spinoculation', on fibronectin-coated plates, at low temperature and using concentrated viral preparations. As well, the use of multiple transductions and various stimulation conditions are compared. As T cells activated by co-stimulation with anti-CD3/CD28 antibodies are highly functional, we developed a transduction protocol using these cells that combines efficiency with ease of handling for large numbers of T cells.
Prostate cancer is regularly treated with radiation therapy. Although chemotherapy is not curative, agents such as docetaxel and mitoxantrone are often used for palliation of symptoms. The DNA damage and stress responses induced by chemotherapeutic agents often stimulate increased surface expression of Fas receptor in tumor models. [21] [22] [23] This result is not universal, as mitoxantrone induces Fas expression on LNCaP cells but not on PC-3 or DU145 cells. 24 Although combined treatment of tumor cells with chemotherapeutic agents and FasL has instigated synergistic killing in some tumor models, 22, 25 no benefit is perceived in other situations. 21, 26 We investigated the potential for such synergistic prostate cancer cell killing in our FasL-immunotherapy model. This report describes our optimized protocol for oncoretroviral transduction of murine T lymphocytes, and the impact of overexpressing FasL on T-cell capacity to lyse RM-1 and LNCaP prostate cancer cell lines. We also examine the effect of common prostate cancer therapeutics on Fas expression, major histocompatibility complex (MHC) expression and Fas-mediated killing.
Materials and methods
Cells and culture conditions RM-1 cells were kindly provided by Dr T Thompson (Baylor College of Medicine, Houston, Texas) and cultured in DMEM (Sigma, Oakville, Canada) with 10% FCS, 10 mM HEPES (Invitrogen, Burlington, Canada), 100 U ml À1 penicillin and 100 mg ml À1 streptomycin (Sigma). GP þ E86 cells 27 were cultured in complete DMEM (10% FCS, 100 mg ml À1 penicillin and 100 mg ml À1 streptomycin, 2 mM L-glutamine). All other cell lines were obtained from ATCC (Rockville, MD). LNCaP cells were cultured in complete RPMI, NIH 3T3 cells in complete DMEM and TRAMP-C1 cells in high glucose DMEM (4.5 g l À1 glucose without sodium pyruvate, Sigma), with 5% FCS, 5% NuSerum IV culture supplement (BD Biosciences, Mississauga, Canada), penicillin, streptomycin, 10 -8 M DHT and 5 mg ml À1 bovine insulin. Splenocytes were collected from 3 to 7-month-old C57Bl/6 or B6.MRL-Fas lpr /J mice (Jackson Laboratories, Bar Harbor, ME), separated through a 30 mm mesh, and RBCs lysed using red blood cell lysis buffer (Sigma). The T-cell population was enriched by depleting B cells with IgG-coated magnetic beads (Qiagen Biomag, Mississauga, Canada). Unless otherwise specified, T cells were cultured in RPMI-1640 medium containing 10% FCS, 2 mM Lglutamine, 100 U ml À1 penicillin, 100 mg ml À1 streptomycin, 50 mM 2-mercaptoethanol, 3.3 mM N-acetyl cysteine (Sigma), 20 U ml À1 recombinant human IL-2 (Roche, Laval, Canada) and 20 ng ml À1 recombinant human IL-7 (Peprotech, Rocky Hill, NJ). Stimulation was performed using anti-CD3/anti-CD28-conjugated magnetic beads (CD3/CD28 beads) at a 3:1 bead-to-cell ratio. Beads were prepared by incubating anti-CD3 and anti-CD28 monoclonal antibodies (BD Biosciences) with M450 Dynabeads (Dynal ASA, Oslo, Norway) as described. 28 Where indicated, IL-2 was substituted with 20 . Viral preparations were used immediately to transduce murine splenic T lymphocytes.
T cells were stimulated for 24-48 h with 3:1 anti-CD3/ CD28 beads, 2.5 mg ml À1 PHA (Sigma), or 5 mg ml
À1
ConA (Sigma), as indicated. For T-cell transduction, typically 3 Â 10 6 T cells were resuspended in 100 ml T-cell medium and 300 ml-concentrated virus (MOIE15) in 1.5 ml Eppendorf tubes and left on ice for 3 h, as described. 31 Following this incubation, 400 ml T-cell medium and 8 mg ml À1 protamine sulfate were added to each tube and cells transferred to 6-well plates for a further 6 h at 37 1C, with 5% CO 2 before an additional 1 ml of T-cell medium and 8 mg ml À1 protamine sulfate were added. For transduction on fibronectin, 6-well plates were first coated with 50 mg ml À1 fibronectin (Roche, Laval, Canada) for 45 min before addition of 3 Â 10 6 T cells, 2 ml viral supernatant and 8 mg ml À1 protamine sulfate. For spinoculation protocols, cells were centrifuged for 1 h at 1000 g and 32 1C in 6-well plates at the beginning of the transduction period. The following day cells were washed and placed in fresh T-cell medium. Transgene expression was confirmed on the transduced cells by flow cytometry (FACSCalibur; BD Biosciences, San Jose, CA) for eGFP or FasL; the latter detected with PE-conjugated anti-human FasL antibody, (clone NOK-1; ebiosciences). T-cell phenotype was determined by flow cytometry using antibodies against murine CD3e (ebiosciences), CD4 (ebiosciences), CD8a (BD Biosciences) and FoxP3 (ebiosciences). Where indicated, 20 mM Z-VAD-FMK (BD PharMingen, Mississauga, Canada) was added to T-cell cultures at the time of transduction and supplemented with subsequent media changes. Cells were carefully washed in PBS prior to use in cytotoxicity assays.
H-incorporation assays
To determine relative rates of cell growth, 10 5 T cells were plated in triplicate in 96-well plates in 100 ml total volume. 3 H-thymidine (GE Healthcare, Baie d'Urfe, Canada) was added at 1 mCi per well and cells were incubated 6 h prior to collection with a cell harvester (PHD, Cambridge Technologies, Cambridge, MA) onto glass-filter paper (Brandel Inc., Gaithersburg, MD). Samples were analyzed on a Beckman scintillation counter. For assays involving multiple time points, cells were all plated on the same day, but 3 H-thymidine was added on the day of analysis.
Monitoring in vivo T-cell trafficking
Nine to 11-week-old C57Bl/6 mice were injected with 3 Â 10 5 cloned RM-1 cells subcutaneously (s.c.) in the flank. Prior to this, T cells were transduced with pUMFG-eGFP viral vectors, resulting in 7% eGFP marking. T cells were also labeled by 10 min incubation with 5 mM CFSE (Invitrogen). FCS was then added to a final concentration of 25% for 3 min before washing cells in PBS. All anti-CD3/CD28 beads were magnetically removed and 10 7 T cells were injected either intravenously (i.v.) (n ¼ 6) or s.c. into the tumor site (n ¼ 3) in mice bearing 6 days RM-1 tumors. T cells were also given i.v. to two tumor-free control mice. At 16 and 40 h after T-cell injection, mice were killed and peripheral blood, spleens, axillary and mesenteric lymph nodes, lungs, and tumors were collected and single-cell suspensions were made by finely mincing organs and passing suspensions through a 30 mm cell strainer (BD Falcon, Mississauga, Canada). RBCs were lysed using red blood cell lysing buffer (Sigma) in the lung, spleen, and peripheral blood samples to minimize cell number. Organs were also collected from untouched control mice. Samples from each organ were left unstained or labeled with anti-CD3e or isotypematched control antibody (BD Biosciences) and 10 5 events were analyzed by flow cytometry using CellQuest Pro software. Data is presented as the percentage of CD3 þ cells that were also labeled with CFSE.
51
Cr-release assays Cytotoxicity induced by gene-modified T cells was assessed by 51 Cr-release assays. Target RM-1 cells were labeled with 110 mCi Na 2 [ 51 Cr]O 4 /10 6 cells (Perkin Elmer, Boston, MA) for 2 h. Cells were plated at 1-2 Â 10 4 cells per well in round-bottom 96-well plates (BD Falcon). T cells were added at 1:1, 10:1, 25:1 or 50:1 ratios. Control wells contained labeled RM-1 cells in T-cell media alone (background release) or in media with 1% Triton X-100 (maximum release). Plates were centrifuged briefly and incubated at 37 1C with 5% CO 2 for 6 h. 100 ml of cell supernatants were collected and analyzed on a 1277 GammaMaster gamma counter (Perkin Elmer). Percent cytotoxicity was calculated as (experimental c.p.m.-background c.p.m.) / (maximum release c.p.m.-background c.p.m.). In some groups, 4 mM EGTA and 3 mM MgCl 2 (Fisher Scientific, Nepean, Canada) were added to T cells 1 h prior to 51 Cr-release assays to prevent exocytosis-mediated killing. 32 Fas-mediated killing was blocked by the addition of 1-40 mg ml À1 NOK-1 antiFasL antibody.
Flow cytometric analysis for Fas and H-2
b expression Levels of cell surface Fas expression were tracked over time following exposure of RM-1, TRAMP-C1, or LNCaP cells to 1-1000 nM mitoxantrone (Sigma), 1-100 nM docetaxel, or 2-8 Gy irradiation (Gamma Cell Irradiator 37 Cs source; MDS Nordion, Ottawa, Canada) as indicated below. Expression of H-2 b was also followed on RM-1 cells. Following 4 to 72 h incubation, cells were harvested with EDTA-containing buffer and blocked with 10% mouse serum. Cells were labeled with PE-anti-mouse Fas (ebiosciences), APC-anti-human Fas (clone DX2; BD Biosciences), biotin-anti-mouse H-2 K b /H-2 D b (BD Biosciences) followed by streptavidin-PE labeling (BD Biosciences), or isotype-matched control antibody and analyzed by flow cytometry. Live cells were distinguished by 7-AAD exclusion. Results were interpreted as the mean fluorescence intensity (MFI) of (antibody-labeled cells) -(isotype-labeled cells) and normalized to that of untreated control cells.
Statistical analysis
Data is presented as mean ± s.d. Sample means were compared using two-tailed unpaired t-tests, with a significance level of Po0.05 unless otherwise indicated.
Results
Construction and generation of pUMFG-FasL, pUMFG-ncFasL and pUMFG-ncFasL/c-FLIP recombinant oncoretroviral transfer plasmids Two monocistronic oncoretroviral vectors were constructed to engineer expression of human FasL or a modified non-cleavable FasL (ncFasL). A third, bicistronic construct was synthesized to contain ncFasL followed by c-FLIP L under translational control of an IRES element to allow for simultaneous expression of both ncFasL and c-FLIP L . Expression of all transgenes was controlled by the viral LTR. Vector plasmids were transfected into the GP þ E86 retroviral producer cell lines 30 yielding the E86 FasL, E86 ncFasL and E86 ncFasL/c-FLIP cell lines. As a control, an oncoretroviral plasmid encoding for eGFP was also transfected in GP þ E86 cells. Recombinant oncoretroviruses generated from these cell lines were used to transduce primary murine T lymphocytes. Human FasL has been shown to efficiently cross-react with the murine Fas receptor. 33 Optimization of transduction of primary murine T lymphocytes Oncoretroviral transduction of murine T lymphocytes has historically been challenging, and much effort has been invested into optimizing this procedure. [17] [18] [19] [20] To obtain satisfactory levels of transgene expression in splenocytederived T cells in our hands, a further multi-parameter optimization was performed. We compared the levels of transduction under several conditions, including transduction by: 'spinoculation', in the presence of fibronectin, and by co-culture with virus-producing cells. Following 48 h stimulation with anti-CD3/CD28 beads, T cells underwent two rounds of transduction with the E86 ncFasL viral supernatant. Infection in the presence of protamine sulfate or fibronectin resulted in transduction of 34±8% and 41±14% of cells, respectively. When a centrifugation step was included at the initiation of transduction ('spinoculation'), 34 the most reproducible results were achieved with 46±1.4% of cells functionally transduced (Figure 1a) . T-cell transduction by co-culturing murine lymphocytes with virus-producing cells has been reported to lead to satisfactory rates of transduction, 17, 35 but similar results were not obtained using our activation conditions and transduction frequencies of less than 10% were routinely seen after a 3-day co-culture ( Figure 1a ). This may result from the poor viability of virus-producing cells by the end of the co-culture period, seemingly induced by the T cells themselves.
Although 'spinoculation' yielded adequate transduction rates in our hands, when scaled-up for large numbers of T cells transduced with multiple different transgenes the protocol becomes time-consuming and cumbersome because of the need for many centrifugation steps. As well, though multiple rounds of transduction may improve transgene expression, T-cell viability is negatively impacted. As such, we sought an alternative transduction protocol. High virus titers are important for efficient retroviral transduction and we next tested the impact of concentrating our viral preparations by low-speed centrifugation. Following a single transduction, the use of 100-fold concentrated viral supernatants led to higher levels of transgene expression (20%) than unconcentrated viral preparations (14%). When cells were incubated for 3 h on ice at the start of the transduction period, 31 transgene expression was further improved by 40% (Figure 1b) . As cells must be dividing for effective oncoretroviral transduction, we also investigated the impact of T-cell stimulation methods on transgene expression levels. Cells were stimulated for 48 h with ConA, PHA, or anti-CD3/CD28 beads and transduced with concentrated oncoretrovirus on ice. We reproducibly observed substantial increases in the percentage of cells expressing the transgene product when CD3/CD28 stimulation was used compared with the other mitogens. Improvements in transduction were several-fold in most cases (Figure 1c) . Finally, using our optimized transduction protocol with concentrated, high-titer viral supernatants, stimulation of T cells with anti-CD3/CD28 beads and incubation on ice, we routinely achieved transgene expression of 25-45% in primary murine T lymphocyte pools (data not shown).
Transduction does not alter T-cell phenotype
To determine the phenotype of the transduced T-cell populations, the percentage of CD3 þ , CD4 þ and CD8 þ T cells in cultures was assessed 3 days after transduction. In all cases, cultures were composed of 498% CD3 þ cells. The percentage of CD4 þ cells ranged from 9-24% and of CD8 þ cells from 69-91% over multiple experiments. Representative plots are shown in Figure 2a . The overall distribution of CD4 þ and CD8 þ cells was similar in non-transduced T cells and ncFasL-T cells (Figure 2a) . Culture of T cells with IL-2 not only supports the proliferation of activated T cells but is also important in the homeostasis and suppressive function of regulatory T cells. 36 To determine whether our T-cell cultures contained significant levels of regulatory T cells, we also measured Foxp3 expression on CD4 þ cells. We were unable to detect any CD4 þ Foxp3 þ cells over background isotype staining in our T-cell cultures (Figure 2b ).
Transgene expression is lost from transduced populations of T cells over time
Although initial rates of transduction are satisfactory using this optimized procedure, we observed that subsequent culture of these cells led to a decrease in the percentage of productively transduced cells over time (Figure 3a) . In some cases, even when the percentage of transgene-positive cells remained constant, the MFI of these cells was reduced over time, demonstrating a decline in transgene expression levels (Figure 3b ). Reduced rates of T-cell activity have been shown to correlate with decreased transcriptional activity from oncoretroviruses, 37, 38 but the overall loss of transgene-expressing murine T cells may be a consequence of impeded growth compared with non-transduced (NT) T cells. Here, we observed that pools of transduced cells proliferate at a significantly slower rate than NT control cells by day 5 post-transduction when assessed by Figure 3c ). Whether this phenomenon involving murine T cells resulted from the transduction process or is a response to oncoretroviral transduction and integration remains to be seen. Alternatively, loss of transgeneexpressing cells could result from the toxicity of the FasL transgene product itself.
Culturing T cells in IL-15 has been reported to protect CD8 þ T cells from apoptosis. 39 When T cells cultured with IL-15 were transduced with the E86-ncFasL viral supernatant, transgene maintenance was indeed improved (Figure 3d ), however, cell expansion was retarded as the proliferative effect of this cytokine is mainly limited to memory cells in short-term culture. 40 The maintenance of FasL-expressing cells in a less actively dividing T-cell population again suggested transduced cells may be at a growth disadvantage. To rule out Fas-mediated killing of the transduced populations, we repeated transduction experiments using Fas-deficient T cells from lpr mice and observed similar rates of transgene loss, although overall viability of cultures was improved (data not shown). T cells cultured in IL-15 show more potent antitumor activity in in vivo adoptive cell transfer studies because of its support of memory phenotype CD8 þ T cells. 41 However, cells of an effector phenotype are more reactive in vitro, 41 hence we continued to use IL-2 in our cultures. As such, all further assays used T cells at day 3 posttransduction when transgene expression was high. 
Ex vivo-manipulated T cells circulate and reach tumor sites in vivo
To assess whether ex vivo culture and transduction may alter the homing patterns of T cells, an in vivo trafficking experiment was carried out in RM-1 tumor-bearing mice. Splenocytes were transduced with E86-eGFP viral supernatant. In this experiment, cells were additionally labeled with CFSE dye to improve detection of manipulated cells. The percentage of CD3 þ cells which were co-labeled with CFSE were assessed in cell suspensions derived from the spleen, tumor, lymph node and lung at 16 and 40 h after injection of T cells into mice harboring day 6 RM-1 tumors. Injected T cells initially accumulated in the lung (2.1 ± 0.6% at 16 h vs 0.6 ± 0.3 at 40 h, Po0.05) then began to collect in the lymph node over time (0.6 ± 0.4% at 16 h vs 2.1 ± 1.4% at 40 h; Figure 4) .
Levels of i.v. injected, CD3
þ CFSE þ cells remained constant in the spleen over the period assessed. The pattern of T-cell distribution was similar in tumor-bearing and non-tumor bearing control mice. In tumor-bearing mice, CFSE þ T cells were detected in the tumor at 16 and 40 h after injection, but the number of these cells in the tumor had decreased by 40 h. Higher numbers of CFSE þ T cells were detected in the tumor when delivered by i.v. rather than s.c. injection into the tumor site (Figure 4) . Negative control values from tumor-bearing mice that did not receive injections of T cells remained below 0.3%. Manipulated T cells were undetectable in the peripheral blood by flow cytometry.
RM-1 tumor cells are killed by FasL-expressing T cells
To assess the efficiency of our FasL-or ncFasLexpressing T lymphocytes in tumor cell killing, we used 51 Cr-release assays to measure induced cytotoxicity. FasL-, ncFasL-, ncFasL/c-FLIP-or NT control T cells were co-incubated with murine RM-1 prostate cancer cells at various ratios for 6 h. A dose-dependent cytotoxic response was observed (Figure 5a ). Although levels of cell killing were low after 6 h, cytolysis induced by the FasLexpressing T cells exceeded that induced by NT control cells. When the co-incubation period was increased to 22 h, killing by FasL-T cells reached 33 ± 5.7% (Figure 5b) . Typically, responses ranged from 6 to 28% cell killing by 6 h. Human prostate cancer LNCaP cells were also more efficiently killed by ncFasL-expressing cells than by control NT-or eGFP-T cells in a dosedependent response that reached 13.3±0.5% in 6 h (Figure 5c ). We observed that the induction of high levels of RM-1 cell killing depended more on the health of the T cells than on the level of transgene expression (data not shown). As c-FLIP did not appear to mediate the predicted protective effect on populations of transduced cells in our experience, Z-VAD-FMK, a pan caspase inhibitor was added to T cell cultures to improve the viability of FasL-expressing cells and allow for a more robust cytotoxic response (Figures 5c and 6b second  panel) .
Efficient prostate cancer cell killing is mediated by T cells but is independent of perforin/granzyme mechanisms To assess the relative efficiency of cell killing by our pool of FasL-T cells (B30% FasL þ ), we compared cytotoxicity against that induced by a clonal population of K562-ncFasL cells. We have previously shown that K562-ncFasL cells induce cytolysis in primary human prostate cancer epithelial cells. 12 However, when FasL-expressing T cells were substituted with ncFasL-expressing K562 cells in similar killing assays, RM-1 and LNCaP cells failed to undergo any measurable cytotoxicity (Figure 6a) . Although this suggests a T-cell-specific function, cytotoxicity induced by ncFasL-expressing T cells was independent of the perforin/granzyme pathway, as the cytotoxic response was unaltered by the addition of MgCl 2 and EGTA and remained at 28% cytolysis (Figure 6b ). In contrast, levels of eGFP-T-cell-induced killing were significantly reduced indicating that background cell killing was caused by an exocytosis pathway (Figure 6b lower panel) . Fas and MHC expression is upregulated on prostate cancer cell lines by mitoxantrone, docetaxel and irradiation DNA-damaging agents have been reported to upregulate Fas receptor expression on tumor cells 25 and in some cases to sensitize these cells to apoptosis through the Fas pathway. 22 We have previously shown that treatment of primary prostate cancer cells with mitoxantrone or docetaxel not only increases Fas expression levels on these cells but improves Fas-mediated killing of drug-treated cells by up to 3-fold. 12 As basal levels of Fas were low on RM-1 cells compared with murine TRAMP-C1, human LNCaP, and PC-3 cells (Figure 7a) , we sought to increase the expression of this receptor. We exposed RM-1 cells to the antiprostate cancer agents mitoxantrone (1-1000 nM), docetaxel (1-100 nM), or g-irradiation (2-8 Gy) and observed dose-and time-dependent increases in Fas receptor expression by flow cytometry. Following 1000 nM mitoxantrone treatment for 24 h, the MFI for Fas staining increased 3.9±0.5-fold above basal levels (Figure 7b) . Similarly, Fas receptor expression was enhanced by docetaxel and irradiation in a dosedependent manner (Figure 7b ). Upregulation following docetaxel treatment peaked at 3.3±0.1-fold after 48-h treatment with 100 nM, and following irradiation with 8 Gy at 4.3±0.5-fold in Fas MFI 48 h post-irradiation (data not shown). Treatment of TRAMP-C1 or LNCaP cells with these anticancer agents also led to the enhancement of Fas receptor expression although induction of Fas in TRAMP-C1 cells was somewhat muted compared with RM-1 or LNCaP cells (Figures 7c and d ).
An important requirement for tumor antigen recognition by T cells is the presentation of these antigens in the context of the MHC. Tumors frequently downmodulate their expression of MHC proteins as a means of immune escape, rendering them less visible to circulating immune cells. 42 Agents such as IFNg and cisplatin have been reported to increase the levels of MHC class I in prostate and colorectal tumor models, respectively. 43, 44 We assessed the impact of mitoxantrone and docetaxel on RM-1 cell MHC expression. Following exposure to increasing doses of these drugs, up to a 6.1 ± 0.7-fold increase in the MFI of H-2 b was seen (Figure 7e ). The increase seen in H-2 b expression was most strongly induced by the lowest dose of mitoxantrone tested, however, time-dependent increases in H-2 b expression were noted for 10 nM mitoxantrone and 1 to 10 nM docetaxel as well. Upregulation of MHC expression was also seen when cell cultures derived from primary human prostate cancer cells were treated with mitoxantrone or docetaxel (data not shown).
Discussion
We have shown that genetic modification of T lymphocytes to express higher than physiological levels of FasL contributes to the active killing of RM-1 and LNCaP prostate cancer tumor targets. Of note, this killing was achieved in the absence of cycloheximide, a translation inhibitor regularly used in FasL-based assays to improve the killing of target cells. 45, 46 To facilitate high level expression of functional FasL on T cells, polyclonal stimulation using anti-CD3/CD28 beads was essential, as was the use of highly concentrated viral preparations, allowing efficient transgene expression following a single transduction cycle. Transduced T cells maintained their ability to home to tumor cells in vivo. In addition, we have shown induction of Fas receptor expression using current clinical interventions. These results set a solid groundwork for next generation studies in animal disease models of prostate cancer.
To generate pools of murine lymphocytes expressing our transgenes, it was necessary to optimize the T-cell Figure 6 Prostate cancer cell killing is T-cell-mediated but independent of exocytosis pathways. (a) 51 Cr-release assays were repeated using clonal K562 cells expressing either ncFasL or control eGFP as effector cells and RM-1, TRAMP-c1 and LNCaP tumor cell targets at the effector/target cell ratios indicated. Data is representative of two independent experiments; n ¼ 3 for all points. (b) Cytotoxicity assays were repeated in the presence of 3 mM MgCl 2 and 4 mM EGTA to inhibit cytolysis through exocytosis pathways. The assay in the second panel was performed using T cells cultured in the presence of Z-VAD-FMK. Z-VAD-FMK was removed prior to assay. *Po0.05 compared with culture without MgCl 2 and EGTA. transduction procedure. Other groups have reported similar findings that 'spinoculation' is an effective method for murine T-cell transduction, and that high-titer virus is important for efficient transduction. 19 In contrast to other reports, 19 we found that multiple rounds of oncoretroviral vector transductions improved transgene expression in murine T cells. However, T-cell viability was hindered by repeated transductions. We prefer to subject our cells to one round of infection with highly concentrated viral preparations by incubation on ice due to the ease of handling large sample sizes and many groups. Despite these optimizations of murine T-cell transduction, these cells are not robust for long-term in vitro studies, however, because of the losses in transgene expression over time. Nevertheless, recent studies show that genetically modified murine T cells are maintained at high levels in the spleens of mice in vivo 47 and demonstrate efficacy in tumor regression in mouse models. 35 These findings suggest that complications in maintaining genetically modified T cells may be caused by in vitro culture conditions. In contrast, human T lymphocytes are easier to manipulate in culture and several clinical studies are underway which make use of genetically modified human T cells.
Treatment of RM-1 cells with mitoxantrone, docetaxel, or irradiation induces an upregulation of both H-2 b and Fas receptor expression. Despite this increase in the number of Fas receptors on the cell surface, we have not observed any improvement in FasL-T-cell-mediated killing of RM-1 cells following pre-treatment with 10 or 100 nM mitoxantrone or 10 nM docetaxel for 48 h (data not shown). Several studies report the sensitization of tumor cells to FasL following similar regimens, 22, 25 and treatment of RM-1 cells with IFNg has been reported to improve Fas-mediated killing of these cells both in vitro and in vivo. 48 In an in vitro primary prostate cancer cell system, we have shown that both mitoxantrone and docetaxel are able to improve Fas-mediated killing of these primary cells. 12 However, in accordance with our current data, a lack of sensitization has been reported in other models. 24, 26 Generalizations about the co-operative effects of chemotherapeutic agents and Fas-mediated killing should thus be avoided, especially for commonly studied prostate cancer cell lines. A lack of correlation between basal Fas expression and susceptibility to Fasmediated killing has been seen in a number of solid tumor models, 49 and as such the degree of Fas upregulation by DNA-damaging agents may not be the best marker to predict changes in susceptibility to apoptosis following combination treatments.
The low levels of RM-1 cell killing induced by NT and eGFP-expressing control T cells was shown to involve perforin and granzymes whereas cell killing by transgenic FasL-expressing T cells was found to be independent of exocytosis pathways. However, FasL-T-cell-mediated killing was not inhibited by the antagonistic anti-human FasL antibody NOK-1, 23 suggesting that the mechanism of this killing was in fact not Fas-mediated (data not shown). Even so, perforin-independent induction of RM-1 cell cytotoxicity was limited to FasL or ncFasLexpressing T cells. We have shown that K562 cells expressing ncFasL are effective inducers of apoptosis in primary prostate cancer cells.
12 yet ncFasL-K562 cells were unable to induce killing of RM-1 or LNCaP cells under the same conditions. This lack of killing is in spite of uniform expression of ncFasL on the K562 cells compared with moderate levels of FasL expression on the T cells (B30% of cells expressed FasL or ncFasL). This suggests that FasL overexpression on T cells is more efficacious than its expression on the relatively inert K562 cells and that the observed cytotoxic response is a T-cellspecific effect. The complete resistance of RM-1 cells to killing by ncFasL-K562 cells also highlights the intrinsic insensitivity of RM-1 cells to Fas-mediated killing. RM-1 cells are derived from an in vivo murine prostate carcinoma model where overexpression of ras and myc oncogenes were engineered in urogenital sinus epithelial cells. 50 Ras has been shown to limit not only the basal expression of Fas receptor on ras-transformed cells, but to limit the induction of this surface protein following DNA-damaging treatments 51 and is a potent antiapoptotic protein. The mechanism of killing induced by our FasL-T cells is undefined at this time, but may involve reverse signaling through the cytoplasmic tail of FasL. The transduction of co-stimulatory signals through the intracellular domain of this molecule in T cells has been described in conjunction with T-cell receptor stimulation. These signals are proliferative 52 and initiate signaling through the Akt, ERK1/2 and JNK pathways, activate transcription through NFAT and AP-1 and stimulate IFNg production. 53 Alternatively, as an anti-human antibody was used to block killing through this pathway, endogenous mouse FasL may be contributing to the observed toxicity in conjunction with the exogenous human FasL.
The relative effectiveness of each of the pUMFG-FasL, pUMFG-ncFasL and pUMFG-ncFasL/c-FLIP constructs in inducing prostate cell killing varied between assays and no distinct pattern emerged which would allow us to discern which construct is more efficacious in this model. We included the c-FLIP cDNA in our third oncoretroviral construct with the hypothesis that expression of this factor would preserve the viability of transduced T cell cultures. However, we failed to detect any survival benefit in our pools of transduced cells. We have not ruled out the possibility that the cytotoxicity observed was that of non-transduced T cells. Owing to technical difficulties in sorting active, transduced murine T cells (our observations and see Abad et al. 54 ), we were unable to assess the impact of c-FLIP expression in pure populations of cells to definitively answer this question. Nonetheless, evidence exists suggesting that rather than preventing apoptosis, c-FLIP L can activate caspase 8 at the DISC, leading to increased basal levels of apoptosis in T cells engineered to express high levels of c-FLIP L . 55 Alternative antiapoptotic approaches may prove more fruitful, such as using the c-FLIP short-form which does not activate caspase 8, 56 introducing the viral caspase inhibitor CrmA 57 or by using siRNA against the Fas receptor. 58 This report presents a T-cell transduction protocol that is broadly applicable to a variety of T-cell-based gene therapy strategies in murine models. We have described a FasL-based gene therapy approach with the potential for prostate cancer therapy. Future studies will combine this strategy with antigen-specific targeting of T cells. Our laboratory has previously generated prostate-specific antigen -reactive T cells using a dendritic cell immunotherapy technique. 59 Combination of FasL-T cells with antigen-specific targeting and activity may be important in vivo to improve delivery of therapy to the tumor area. Further investigations into the efficacy of this approach in an in vivo setting are warranted, where the impact of pretreatment of targets with pro-inflammatory anticancer therapies may prove synergistic.
